Abstract: MicroRNAs (miRNAs) are a class of small RNA molecules that are implicated in post-transcriptional regulation of gene expression during development. The discovery and understanding of miRNAs has revolutionized the traditional view of gene expression. Alport syndrome (AS) is an inherited disorder of type IV collagen, which most commonly leads to glomerulonephritis and kidney failure. Patients with AS inevitably reach end-stage renal disease and require renal replacement therapy, starting in young adulthood. In this study, Solexa sequencing was used to identify and quantitatively profile small RNAs from an AS family. We identified 30 known miRNAs that showed a significant change in expression between two individuals. Nineteen miRNAs were up-regulated and eleven were down-regulated. Forty-nine novel miRNAs showed significantly different levels of expression between two individuals. Gene target predictions for the miRNAs revealed that high ranking target genes were implicated in cell, cell part and cellular process categories. The purine metabolism pathway and mitogen-activated protein kinase (MAPK) signaling pathway were enriched by the largest number of target genes. These results strengthen the notion that miRNAs and their target genes are involved in AS and the data advance our understanding of miRNA function in the pathogenesis of AS.
Introduction
Alport syndrome (AS) is a progressive, hereditary disease that affects the kidney and is characterized by hematuria, sensorineural loss, and ocular lesions, with structural defects in the glomerular basement membrane (GBM) (Tryggvason et al., 1993; Gehrs et al., 1995) . The prevalence of the disease is estimated at approximately 1 in 5000. In total, 85% of patients have the X-linked form and affected males develop renal failure by the age of 20 years (Colville and Savige, 1997; Hertz, 2009) . Patients with AS commonly require renal replacement in the second or third decade of life (Temme et al., 2012) .
The syndrome is genetically heterogeneous and arises from mutations in genes that encode basement type IV collagen (Kashtan, 1999) . The COL4A5 gene is located on chromosome Xq22 and has been shown to give six genetically distinct chains of type IV collagen. It is responsible for X-linked AS. In contrast, the COL4A3 and COL4A4 genes are located "head to head" on chromosome 2 and are involved in the rarer autosomal forms of the disease (Gubler et al., 2007) .
The diagnosis of AS relies on patient history, physical examination, detailed family history, urinalyses, immunohistochemical analysis of basement membrane type IV collagen expression, and examination of renal biopsy specimens by electron microscopy (Kashtan, 1993; Pohl et al., 2013) . Since AS leads to end-stage renal disease, the need for early diagnosis and treatment is becoming more and more important (Gross et al., 2003; 2012) . The biomarker combinations in the urine (Pohl et al., 2013) and ocular features (Zhang et al., 2008) are sensitive and specific for the diagnosis of AS, but early diagnosis remains difficult. Both the X-linked and autosomal types of AS are considered to be genetic diseases of the GBM, which involves the collagen type IV network (Thorner, 2007) .
In this study, we sequenced and characterized the microRNA (miRNA) expression profiles from an AS family using high-throughput Illumina sequencing technology. We detected differentially expressed miRNAs and analyzed their target genes. The target genes were subjected to Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The research revealed a large difference in molecular markers between the AS and normal control (NC) individuals. These data can be used to gain an insight into the pathogenesis of AS and could provide a potential diagnostic biomarker for early stage AS.
Materials and methods

Clinical sample collection
We have clinically identified AS family in three genograms (Fig. 1) . The propositus (III2) who is female and 26 years old was clinically observed with gross hematuria and albuminuria. She was diagnosed with AS in the Second Clinical Medical College of Jinan University (Shenzhen, China) in 2013. The propositus's grandmother (I2) was also diagnosed with AS and passed away from kidney failure. The propositus's mother (II3) had AS symptoms, including kidney failure, gross hematuria, albuminuria, sensorineural hearing loss, and pathognomonic ocular lesions. The propositus's sister (III3) was also clinically observed with mild gross hematuria and albuminuria. The AS family has four AS patients and six healthy people (Table 1 ). There was no genetic transfer from male to male and the observed as X-linked. Eight members from the AS family participated in our molecular research. In our previous research, in order to confirm the diagnosis of AS and find the COL4A5 gene mutation, DNA sequence analysis of the entire coding region and exon-intron boundaries of the COL4A5 gene was performed. This sequence included 51 exons and the junction parts of exons and introns. The result turned out to be base alteration from G to T on the acceptor splicing site of the 22nd intron (c. 1517-I G>T acceptor splicing site mutation, GenBank ID: NM-033380). Base G closed mutation was also the first base of the 23rd intron on COL4A5 (Fig. 2) . We also used restriction fragment length polymorphism (RFLP) to confirm c. 1517-I G>T acceptor splicing site mutation on COL4A5. We found that all the healthy people contain only 120 and 63 bp straps. However, the propositus (III2) and her mother (II3) and sister (III3) contained exceptional 183 bp strap (Fig. 1) . Table 1 Alport system family existing member blood routine examination, blood biochemistry, and general situation After the AS family analysis, we selected 6 members (3 AS patients and 3 healthy people) from the AS family for further research. Propositus (III2), her mother (II3), and her sister (III3) acted as the experimental group (AS). Her sister (III4), her brother (III1), and her father (II4) acted as the NC. Aseptic middle stream of the micturition was collected in the morning from each participant and was bottled into glass vials, which had been freeze-dried, c-irradiated, and filled with 5 ml penicillin-streptomycin antibiotics in temperature. Then, we separated out the renal tubular cells from the urine. The renal tubular cells were reprogrammed to generate human induced pluripotent stem cells (iPSCs) (Fig. 3) . Immunocytochemistry confirmed that iPSCs expressed several human embryonic stem cell (hESC)-specific marker proteins (Oct4, SSAE-4, TRA-1-60, and TRA-1-81). However, the iPSCs were negative for SSAE-1 expression (Fig. 4) . The key procedure was completed at the South China Institute for Stem Cell Biology and Regeneration Medicine, Chinese Academy of Sciences (business category). The iPSCs generation method followed that of Chen Y. et al. (2013) for the generation of systemic lupus erythematosus-specific iPSCs from urine. The iPSCs were our ultimate specimen that was used for the research.
Small RNA library
Total RNA was extracted from the iPSCs using Trizol (Invitrogen, USA), in accordance with the manufacturer's instructions. The RNA quantity and quality were confirmed using a bioanalyzer (Agilent 2100; Agilent, Santa Clara, CA, USA). All RNA was pooled in each same sample group respectively, with equal amounts of RNA from each group. The small RNA library was constructed as described by Hafner et al. (2008) . In brief, poly(A) RNA was extracted from 200 μl of total RNA using the Oligotex Kit (Qiagen). A 5' RNA adapter, which contained an Mmel recognition site, was ligated to the 5'-phosphate of the poly(A) RNA using T4 RNA ligase (Ambion). The ligated products were repurified using the Oligotex Kit. Five polymerase chain reaction (PCR) cycles were then performed to amplify the reverse transcription products. The PCR products were digested with Mmel and ligated to a 3' double DNA adapter. The ligation products were amplified by 20 PCR cycles and the gel-synthesis method (HiSeq 2000, Illumina) , which is a parallel sequencing technology (BGI, Shenzhen, China).
Bioinformatic analysis of sequencing data
The sequence tags from the HiSeq sequencing were cleaned to eliminate the low quality reads and several types of contaminants ( Table 2 ). The length distributions of the clean reads are summarized in Fig. 5 . The peak of the distribution was used to analyze the composition of the small RNA. Over all, the aim was to align small RNA to the miRNA precursor of corresponding species in the miRBase database to obtain the miRNA count. It must meet two conditions: (1) alignment of the tags to the miRNA precursor in the miRBase database with no mismatch; (2) based on the first condition, the tags align to the mature miRNAallowed dislocation, but there are at least 16 bases covered, covering parts with no mismatch. Those miRNAs that satisfy both the above conditions will be counted to obtain the expression of identified miRNAs. The specific methods were shown as follows. First, it was necessary to summarize the common and specific tags of sequence libraries, as well as the unique and total tags. We calculated the sequencing frequency of each unique small RNA sequence and the number of reads for each sequence, which reflected relative abundance. Second, the unique RNA sequences were mapped to the human reference genome (National Center for Biotechnology Information (NCBI) Build 37.1) and the Rfam 9.1 database (http://www.sanger. ac.uk/resources/databases/rfam.html) using SOAP2. miRNA sequences that matched noncoding ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA) in the NCBI and the Rfam 9.1 database were removed. Repeated overlapping sequences were annotated as repeated-associated small RNAs, and sequences that overlapped with predicted exons and introns were filtered. Third, in order to identify known miRNA sequences in iPSCs, the remaining unique small RNA sequences were compared to the miRNA database (miRBase 18.0). Only perfectly matched sequences were considered to be conserved miRNAs. The remaining sequences, which could not be matched to any category, were considered as candidate novel miRNAs.
Novel miRNA prediction
The prediction of novel miRNAs came from small RNA that could not be matched to the NCBI and the miRNA database. The characteristic hairpin structure of a miRNA precursor can be used to predict novel miRNAs (Fig. 6 ). The miRNA hairpins are 
Fig. 4 Immunohistochemical analysis of iPSCs
mostly located in intergenic regions, introns or a reverse repeat sequence of a coding sequence. The MIREAP pipeline was then used to analyze the structural features to identify novel miRNA candidates. The prediction software was developed by BGI (http://sourceforge.net/projects/mireap/), and the procedure of the software MIREAP work on the novel miRNA prediction was conducted as described by Chen Y.H. et al. (2013) . In brief, (1) the tags used to predict novel miRNA are from the unannotated tags which can match to the reference genome, from the tags which can align to the intron region, and from the tags which can align to the antisense exon region.
(2) Those genes whose sequences and structures satisfied the two criteria, i.e. that hairpin miRNAs can fold secondary structures and mature miRNAs are present in one arm of the hairpin precursors, will be considered as candidate miRNA genes. (3) The mature miRNA strand and its complementary strand (miRNA*) present 2-nucleotide 3' overhangs. (4) Hairpin precursors lack large internal loops or bulges. (5) The secondary structures of the hairpins are steady, with the free energy of hybridization lower than or equal to −18 kcal/mol (1 kcal/mol=4.182 kJ/mol). (6) The number of mature miRNA with predicted hairpin must be no fewer than 5 in the alignment result. MPred (http://www.bioinf.seu.edu.cn/miRNA) was used to judge whether the candidates were real miRNA precursors. Pseudo miRNA precursors were removed.
Differential expression analysis of miRNAs
The frequency of the miRNAs in the two libraries was normalized to one million against the total number of miRNAs observed in each sample (normalized expression=actual miRNA count/total count of clean reads×1 000 000). For each library, if the normalized expression of an individual miRNA was zero, its expression value was modified to 0.01. If the miRNA expression level in the two samples was less than one, it could not be included in the following differential expression analysis. The statistical significance (P-value) was inferred using the Bayesian method, which was developed for analysis of digital gene expression profiles and can account for the sampling of tags with low counts (Anders and Huber, 2010) . Fold-change (AS/NC) was used to detect the differentially expressed miRNAs. In the normalized sequence counts, a fold-change of greater than two and P≤0.01 were considered to be significant.
Target prediction of differentially expressed miRNAs using GO terms and KEGG pathway analysis
The target genes for each differentially expressed miRNAs were predicted using TargetScan (http://www.targetscan.org). As miRNA target prediction often suffers from a high level of false positives, the miRNA target interactions were predicted using at least three arbitrary target prediction programs. The GO terms and KEGG pathways of the target genes were annotated using the DAVID gene annotation tool (http://david.abcc.ncifcrf.gov). The GO terms and KEGG pathways were defined as significantly enriched in target gene candidates when using a corrected P-value of ≤0.01. This analysis was able to recognize the main biological functions and pathways, in which target gene candidates are involved.
Validation of miRNA and novel miRNA by quantitative reverse transcriptase PCR (qRT-PCR)
To validate the expression level of the differentexpression miRNA and novel miRNA determined by deep sequencing, qRT-PCR was selected and designed for three miRNAs (hsa-miR-1179, hsa-miR-4461, hsa-miR-4651) and three novel miRNAs (novel-miR-202, novel-miR-81, novel-miR-185 ) that differentially expressed between AS and NC. Three miRNAs and three novel miRNAs were selected for validation by qRT-PCR using the miScript Reverse Transcription and miScript SYBR GREEN PCR Kits according to the manufacturer's protocol (Qiagen, Germany) and U6 RNA was used as the internal control. The conditions for PCR amplification were as follows: polymerase activation at 95 °C for 2 min, followed by 40 cycles of 94 °C for 10 s, 59 °C for 10 s and 72 °C for 40 s. RNA was reverse transcribed to complementary DNA (cDNA) with a miRNA specific stem-loop like RT primer and the expression of each miRNA relative to NC was determined using the 2 −∆∆C T method. Comparative qRT-PCR was performed in triplicate. All of the primers, which were designed by Primer Express Software V2.0 (ABI, America), are listed in Table S1 .
Results
Small RNA length distribution and annotation
To identify miRNAs, Solexa sequencing was used on the libraries of small RNAs from the AS and NC individuals. A total of 14 432 099 and 14 694 442 reads were obtained from the AS and NC libraries, respectively. After removal of the adaptor sequences, low quality reads, contaminated reads, and short RNA (<18 nt), 13 257 196 and 13 601 477 clean reads remained from the AS and NC libraries, respectively (Table 2) . In both libraries, the proportion of clean reads was greater than 90%. The length distribution of the clean reads is summarized in Fig. 5 . The most abundant small RNAs were 22 nt long in both the AS and NC libraries. The percentages of small RNAs of this size were approximately 33.50% and 37.52% in the AS and NC groups, respectively. The length distribution in the two libraries ranged from 18 to 30 nt and the majority of small RNAs were 19 to 29 nt long. The peak of the length distribution was used to analyze the composition of the samples, such as miRNA (concentrated at 21 or 22 nt), small interfering RNA (siRNA; 24 nt), and piwi-interacting RNA (piRNA; 29-30 nt). The length distribution varies between plants and animals. The peak of the plant distribution is often located at 21 or 24 nt, while in animals it is at 22 nt. The above data and information were used to make an initial judgment.
The high quality clean reads longer than 18 nt, from both libraries, were selected to be mapped to the human genome (NCBI Build 37.1) (Li et al., 2009 ). This gave 13 257 196 mapped reads from the AS group and 10 672 377 mapped reads from the NC group. These small RNA sequences were annotated as known miRNA, noncoding RNAs (snRNAs, piRNAs, small cytoplasmic RNAs (scRNAs), snoRNA and signal recognition particle RNA (srpRNAs)), genomic repeated miRNA or unclassified. As expected, the most abundant RNA category from the two libraries was known miRNA, with 6 202 605 reads for the AS library and 6 938 619 reads for the NC library (Fig. 7) . All the sequences were submitted to NCBI and assigned the accession number of SRP041435.
Novel miRNAs
We identified 211 and 329 novel miRNAs in the AS and NC libraries, respectively. The top ten novel miRNAs are shown in Table 3 . The most abundant novel miRNA was novel miRNA-174, which was expressed in both the AS and NC libraries. Of the top ten novel miRNAs in each library, eight (novel miRNA-174, novel miRNA-67, novel miRNA-121, novel miRNA-54, novel miRNA-53, novel miRNA-19, novel miRNA-35, and novel miRNA-122) were the same. The number of novel miRNAs was fewer than the number of known miRNAs and most were expressed at a very low level.
Differentially expressed miRNAs in the AS and NC libraries
In order to identify differences in expression, the normalized expression of miRNAs was compared between the AS and NC libraries. Fold changes and P-values are presented in Table 4 . Nineteen miRNAs were up-regulated and 11 were down-regulated. The most up-regulated miRNA was hsa-miR-3117-3p, which showed an increase in expression of approximately 7-fold (log 2 ratio) in the AS library compared with the NC library. The most down-regulated miRNA was hsa-miR-544b, which showed a decrease in expression of approximately 9-fold (log 2 ratio). The miRNA differential expression scatter plot (Fig. 8) showed that most of the miRNAs were expressed at an equal level, when the AS library was compared with the NC library. There were very few remaining miRNAs that showed significant levels of expression. Forty-nine novel miRNAs were identified as differentially expressed. Thirty-three were up-regulated and 16 were down-regulated (Table 5 ). Most exhibited a significantly high fold-change (log 2 ratio) of ≥6 or ≤−6. These datasets indicated that a set of novel miRNAs showed a clear difference in level of expression between the AS and NC libraries. The differential expression model cluster analysis (Fig. 9 ) also showed that most novel miRNAs had significantly different levels of expression. To confirm the differential expression of the miRNAs and novel miRNAs, the expressions of three miRNAs and three novel miRNAs were analyzed using qRT-PCR. The expression level of each miRNA in the AS and NC had the same expression pattern as those in the sequencing data (Table 6 ). All of the three miRNAs and novel miRNAs were up-regulated, and the result was consistent with the result of a microarray test.
GO and KEGG pathway analysis of targets
The targets of 30 miRNAs, which displayed significantly different levels of expression between the AS and NC libraries, were predicted by miRNA miRecords to elucidate the pathological relevance. To evaluate target gene functions, we annotated the predicted targets with GO using DAVID. The targets populated many major GO categories and for some categories the number of gene targets was significantly enriched, using P<0.05 to indicate significance. Three ontologies, i.e. molecular function, cellular component, and biological process, were found to be associated with the pathogenesis of AS (Fig. 10) . On the basis of the biological process, the genes were classified into 23 categories. The top three overrepresented GO terms were cellular process, metabolic process, and single-organism process. The genes were also grouped into 17 categories based on cellular components. The largest groups were cell, cell part and organelle. When the genes were grouped by molecular function, there were 15 categories. The most enriched molecular function categories were binding, catalytic activity, and molecular transducer activity.
To determine whether specific pathways were enriched with the target genes, we mapped the genes to the KEGG pathway database using GenMAPPv2.1. A statistical test was performed to identify the enriched metabolic pathways, using P<0.05 to indicate significance. The top 20 KEGG pathways are shown in Table 7 . The pathway that was most enriched by the target genes was purine metabolism. We found that 7.35% of target genes could be assigned to this pathway. The purine metabolism KEGG pathway analysis is shown in Fig. 11 , which shows the genes that are targets of the differentially expressed miRNAs.
AS-NC log 2 (treatment/control):
Cay indicates missing data: Fig. 9 Novel miRNA differential expression model cluster analysis 
Discussion
For the past 30 years, high-throughput sequencing technologies have opened up new opportunities in biomedicine (Ansorge, 2009) . They enable the comprehensive analysis of genome sequence, target sequence, and RNA expression (Morozova and Marra, 2008) . In this study, we analyzed miRNAs and their target genes in the AS and NC libraries from an AS family, using high-throughput sequencing.
In previous studies, peripheral blood and tissue specimens have been used as experimental samples to investigate the pathogenesis of disease. This is the first use of iPSCs as the experimental sample to analyze miRNAs in the pathogenesis of nephropathy. They are characterized by their ability to self-renew and differentiate into any cell type. Recent studies have begun to clarify the specific role of miRNA in regulatory circuitries that control self-renewal and pluripotency of iPSCs (Jia et al., 2013) , as highlighted by Pfaff et al. (2012) . In this study, the iPSCs were induced from renal tubular cells from kidney tissue. The iPSCs were expected to give more accurate data on kidney disease than traditional samples and are particularly significant for the analysis of miRNA and their target genes, which play a role in their generation.
We identified 30 differentially expressed miRNAs, of which 19 were up-regulated and 11 were downregulated. Other studies have shown that levels of miRNAs could be used as a potential biomarker for kidney disease (Chung et al., 2013) . For example, miRNA-21 expression was elevated in both the glomerular and tubulointerstitial area, where renal fibrosis occurs (He et al., 2013) . Reduction of miRNA-192 expression correlated with glomerular filtration rate (GFR) in diabetic nephropathy (Putta et al., 2012) . Dai et al. (2009) predicted that miRNA-223 was down-regulated and specific to lupus nephritis. The miRNA-29 family (miR-29a, miR-29b, miR-29c) consists of downstream inhibitors that can reduce the risk of renal fibrosis (Qin et al., 2011) . In contrast, the significantly different levels of expression of the miRNAs in this study were not reported elsewhere. We hypothesized that this is a consequence of AS being a genetically inherited disease, which is characterized by sensorineural deafness and glomerulonephritis that progresses to end-stage renal failure. The pathological changes observed in other types of kidney disease have different causes, particularly those that involve the GBM (Miner, 2011) .
Among the 30 differentially expressed miRNAs, hsa-miR-3117-3p was the most significantly different up-regulated expression miRNA with a fold-change of 7.785. hsa-miR-544b was the most significantly different down-regulated expression miRNA with a fold-change of −9.085. However, other differentially expressed miRNAs are also involved in genetic diseases. For example, hsa-miR-150-5p probably could serve as a novel serum biomarker in myasthenia gravis as well as in the prediction of disease severity (Punga et al., 2014) . Due to the importance of miRNA in mediating the translation of target miRNA into protein, hsa-miR-1228-5p could be used to differentiate hepatocellular carcinoma patients from healthy subjects and cirrhosis patients (Tan et al., 2014) . hsa-miR-142-5p has been widely researched and most scholars acknowledge that it is a predictor of disease progression to tumor, including pancreatic cancer, gastric cancer, and retinoblastoma (Jo et al., 2011; Zhang et al., 2011) . We suspected that we could not find any miRNAs that regulated the pathogenesis in a single one. The 30 differentially expressed miRNAs should be regulated as a whole, and the interaction between them determines the pathogenesis of AS. Trionfini et al. (2015) pointed out that miRNA, according to available evidence, served as integration involved in all kinds of kidney physiologies and diseases.
The GO analysis showed that most target genes enriched the cell, cell part, cellular process, and binding categories. This indicated that, in the molecular function, cellular component, and biological process ontologies, most of the miRNA targets were related to cell function. These findings, both computational and experimental, provided valuable information for the further functional characterization of the pathogenesis of AS. Steenhard et al. (2012) used an animal model to confirm that overexpression of mesangial integrin α1, podocyte vimentin, and integrin α3 is an important feature of AS. These proteins may affect cell-signaling, cell shape, and cellular adhesion to the GBM. Abrahamson et al. (2003; reported that glomerular endothelial cells and podocytes synthesize the different laminin isoforms at appropriate stages of glomerular development. They are also able to stimulate re-expression of laminin in the absence of the α3, α4, and α5 network in the Alport mouse. We hypothesize that the target genes play an important role in the development, function, pathological and molecular genetics of the GBM in AS patients.
The top KEGG pathway was the purine metabolism signal pathway. However, there have been few reports that illustrate disorder of purine metabolism in AS patients. The main symptoms of AS do not include hyperuricaemia or gout, which are caused by problems with purine metabolism. However, a terminal product of purine catabolism can cause hyperuricaemia. This product is increasingly being linked with kidney disease and the hyperuricaemia levels rise as glomerular filtration declines (Murea, 2012) . Elevated hyperuricaemia could be a marker for decrease in renal function and an important indicator for the progression of renal failure (Kang and Nakagawa, 2005) . However, further studies are necessary to provide more insight into the pathways of purine metabolism. The mitogen activated protein kinase (MAPK) signal pathway was also highlighted in the KEGG analysis of our study. It has important functions in many types of mammalian cells. The MAPKs are serine and threonine protein kinases, which can be activated by phosphorylation, in response to extracellular stimuli such as mitogens, growth factors, cytokines, and osmotic stress (de Luca et al., 2012) . The activation of the MAPK pathway has been shown to be a potential mechanism involved in kidney disease. Kidney disease can be ameliorated if the MAPK signal pathway is inhibited (Pengal et al., 2011; O'Connell et al., 2012) . Our results demonstrated that the MAPK pathway is abnormal in AS patients, which provides an experimental basis for further studies into AS pathogenesis.
We obtained the differential expression profiles from an AS family. The differentially expressed miRNAs were subjected to GO-enriched and KEGG pathway analysis. Our study demonstrated that the differential expression miRNA, the target gene from differential expression miRNA enrichment and functional pathway may present an area of research into the pathogenesis of AS. These data will also serve as a reference to lay a foundation for us to better understand the genetic mutation of AS at the genetic level. However, there are many unanswered questions surrounding AS. Further investigation is needed.
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